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Synaptic Vesicle Pools
at the Frog Neuromuscular Junction
Kuromi and Kidokoro, 1999; Burrone and Lagnado,
2000). Optical studies using fluorescent dyes in frog
(Richards et al., 2000), Drosophila mutant Shibire (Kur-
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Silvio O. Rizzoli,1 and William J. Betz*
Department of Physiology and Biophysics/C-240
University of Colorado Medical School omi and Kidokoro, 1998, 1999, 2000, 2002), and snake
(Teng et al., 1999) have provided additional support for4200 East Ninth Avenue
Denver, Colorado 80262 two recycling pools that refill at different rates. In cul-
tured hippocampal neurons, the RRP comprises vesi-
cles that are morphologically docked at the presynaptic
membrane (Schikorski and Stevens, 1997, 2001). In theSummary
present study, we have used all three techniques—
fluorescence microscopy of FM1-43 uptake, electronWe have characterized the morphological and func-
microscopy of photo-converted FM1-43 inside stainedtional properties of the readily releasable pool (RRP)
terminals, and electrophysiological recordings of synap-and the reserve pool of synaptic vesicles in frog motor
tic potentials—to examine the functional and morpho-nerve terminals using fluorescence microscopy, elec-
logical characteristics of vesicle recycling within frogtron microscopy, and electrophysiology. At rest, about
motor nerve terminals. Some of the results confirm and20% of vesicles reside in the RRP, which is depleted
extend previous observations (Richards et al., 2000), forin about 10 s by high-frequency nerve stimulation (30
example, the measured sizes and refilling rates of theHz); the RRP refills in about 1 min, and surprisingly,
RRP and the reserve pool. Other results were unex-refilling occurs almost entirely by recycling, not mobili-
pected. For example, the recovery from synaptic de-zation from the reserve pool. The reserve pool is de-
pression depends upon vesicle recycling (cf. Pyle et al.,pleted during 30 Hz stimulation with a time constant
2000), not mobilization of reserve pool vesicles, andof about 40 s, and it refills slowly (half-time about 8 min)
transmitter release during continuous low-frequencyas nascent vesicles bud from randomly distributed
stimulation relies entirely on vesicle recycling in the RRP,cisternae and surface membrane infoldings and enter
not mobilization from the reserve pool. A preliminaryvesicle clusters spaced at regular intervals along the
report of some of these results has appeared (C.G. andterminal. Transmitter output during low-frequency
W.J.B., IBRO Congress of Neuroscience, Jerusalem,stimulation (2–5 Hz) is maintained entirely by RRP recy-
1999)cling; few if any vesicles are mobilized from the reserve
pool.
Results
Introduction
We developed a method that identifies two distinct pools
of synaptic vesicles in frog motor nerve terminals (Rich-The recycling of synaptic vesicles is essential for nerve
ards et al., 2000). The method emerged from the obser-terminals to maintain reliable synaptic transmission dur-
vation that for several minutes after tetanic stimulation,ing sustained stimulation. At the neuromuscular junc-
FM2-10 (but not FM1-43) can be washed from nervetion, two major routes of vesicle recycling (a rapid re-
endings. The basic paradigm is illustrated in Figure 1A,trieval of single vesicles from the plasma membrane
which shows three ways of applying FM2-10 relative toand a slower retrieval from membrane infoldings and
the timing of a tetanus (30 Hz for 1 min). In Controlcisternae) have been identified, which appear to fill two
preparations, dye was present during and for 15 mindistinct vesicle pools (the readily releasable pool [RRP]
after stimulation, and the resulting terminal fluorescenceand the reserve pool). Electron microscopy of frog
was brightest (Figures 1B and 1C). If FM2-10 was pres-(Heuser and Reese, 1973, 1981; Richards et al., 2000)
ent only during stimulation (with the preparation beingand Drosophila larval (Koenig and Ikeda, 1996, 1999)
vigorously washed immediately after the end of the teta-motor nerve terminals disclosed two morphologically
nus), this Quick wash paradigm produced terminals onlydistinct routes of endocytosis. Electrophysiological re-
about 30% as bright as controls (Figures 1B and 1C).cordings from most synapses show characteristic run-
Assuming that this paradigm selectively stains thedown of synaptic signals during repetitive stimulation,
readily releasable pool (see below), and noting that thewhich has been interpreted as reflecting sequential
tetanus we used (30 Hz for 1 min) releases only aboutdepletion of readily releasable and reserve vesicle pools
half of the vesicles (Betz and Bewick, 1993; see also(Birks and Macintosh, 1961; Elmqvist and Quastel, 1965;
Figure 6B), we estimate that the Quick wash paradigmPieribone et al., 1995; Rosenmund and Stevens, 1996;
labels about 15% of the total vesicle population. Thevon Gersdorff and Matthews, 1997; Wu and Betz, 1998;
converse protocol, applying FM2-10 immediately after
the end of the tetanus (Delayed load, Figures 1B and
*Correspondence: bill.betz@uchsc.edu 1C), produced terminals of intermediate brightness, and
1 These authors contributed equally to this work. the sum of the Quick wash and Delayed load terminals2 Present address: Department of Physiology, University of Wiscon-
was nearly identical to average control brightness (Fig-sin-Madison, 1300 University Avenue, Madison, Wisconsin 53706.
ure 1C). In Figure 1D, the normalized rates of destaining3 Present address: Departamento de Morfologia, ICB-UFMG, Av.,
Belo Horizonte Antonio Carlos 6627 MG, 31270-901 Brasil. are shown (cf. Richards et al., 2000). Tetanic stimulation
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Figure 1. Selective Labeling of Synaptic Ves-
icle Pools
(A) Schematic diagram of the staining proto-
cols. A tetanus (1 min, 30 Hz) was applied to
the nerve via a suction electrode (Stim); FM2-
10 was present as indicated. Control: dye was
present during and for 15 min after the teta-
nus. Quick wash: dye was present only during
the tetanus. Delayed load: dye was added to
the chamber after the end of stimulation.
(B) Typical images (identically scaled for
brightness) of nerve terminals stained as indi-
cated in (A). The Quick wash terminal is
dimmest.
(C) From left to right, the average ( SEM,
n  5) brightness of Quick wash terminals,
Delayed load terminals, their sum, and Con-
trol terminals. Note that the sum of Quick
wash and Delayed load terminals is not signif-
icantly different from Control terminals.
(D) Destaining is fastest from Quick wash ter-
minals, and Delayed load terminals show a
characteristic initial lag in destaining lasting
about 10 s, supporting their sources as RRP
and reserve pool, respectively.
(30 Hz) began at time zero and continued for the duration ates. We show below that a third definition also identifies
this population, namely the vesicles that are available forof the experiment, causing the decrease in terminal fluo-
rescence as dye was released. Terminals that had been release with low-frequency stimulation. In the present
work, we have characterized and quantified functionalloaded with a Quick wash paradigm destained fastest,
indicating that vesicles endocytosed during dye loading and morphological properties of these pools using
optical, electrophysiological, and electron microscopicare rapidly rereleased. The Delayed load terminals showed
a distinct lag in destaining when the tetanus began, techniques.
suggesting that with this paradigm the reserve pool is
selectively filled and destaining begins only after the
readily releasable pool is emptied (Richards et al., 2000). Characteristics of the Readily Releasable
Pool (RRP)These and other observations suggested that the
readily releasable pool is depleted after 10–15 s of stimu- The lag in destaining seen with the delayed load para-
digm suggested that RRP vesicles are released in 10–15lation at 30 Hz, and that, if stimulation continues beyond
10–15 s, reserve pool vesicles are mobilized and un- s during 30 Hz stimulation. We sought to label the RRP
selectively by stimulating for only 10 s in the presencedergo exocytosis. Thus, we define the RRP as the frac-
tion of the total vesicle pool that is readily available for of the dye. Figure 2A (inset) shows that terminals were
about 20% as bright as fully loaded terminals, for bothrelease with tetanic stimulation; from the standpoint of
endocytosis, the RRP is defined as the vesicles that can FM2-10 and FM1-43. The normalized destaining rates
of these terminals (Figure 2A) were much faster than inrapidly recycle without a need for endosomal intermedi-
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Figure 2. Selective Labeling of the RRP
(A) Terminals loaded with FM dye using the Quick wash paradigm (Figure 1) are about 20% as bright as a fully loaded terminal (inset) and
destain rapidly. The behavior is not significantly different for either FM1-43 or FM2-10.
(B) Top panel: RRP vesicles recycle selectively to their pool of origin. After dye loading of both pools and washing, terminals were given a
weak stimulus (“Buzz”) (either 30 Hz for 10 s [filled circles] or 5 Hz for 2 min [open circles]) designed to deplete the RRP; controls (triangles)
did not receive this stimulation. After a 20 min rest, the terminals were destained with 30 Hz stimulation. The graph shows the flourescence
of terminals during final destaining, each normalized to the brightness at the beginning of the final destaining. Control terminals destained
progressively. Terminals given the prestimulus buzz showed a distinct lag before starting to lose dye, suggesting that release during the lag
was sustained by recycled, unlabeled vesicles. Bottom panel: differentiation of the control trace from the top panel. The inflection seen in
the rate of destaining at 10 s suggests that release from the RRP is faster than release from the reserve pool.
control terminals (loaded with a 30 Hz tetanus lasting tudes during pairs of tetani lasting 3, 5, or 10 s, separated
by different intervals. Examples with 10 s tetani sepa-60 s); about 80% of the dye was lost in 10–15 s.
We wondered how the depleted readily releasable rated by 5 or 90 s are shown in Figure 3A. Five seconds
after the first tetanus, total release was depressed bypool becomes refilled if stimulation stops (Figure 2B).
Would it refill with recycling vesicles or with vesicles about 50%, but it recovered completely in 90 s. Figure
3B shows that initial depression was greater with longermobilized from the reserve pool? To test this, we first
loaded both pools (Control paradigm in Figure 1A) with tetani. Figure 3C shows the same data normalized, re-
vealing that the time course of recovery was nearly theFM1-43. Then we released the RRP with a brief tetanus
(30 Hz for 10 s) and halted stimulation for 20 min. During same for tetani lasting 3, 5, or 10 s. The best exponential
fit to the three observed curves in Figure 3C has a timethis 20 min rest period, evoked EPPs recover completely
(see Figure 4). Thus, the RRP refilled with either recycling constant of 19.4 s (similar results [  17.9 s] were
obtained when measuring the recovery of responsesvesicles (containing no dye) or reserve pool vesicles
(containing dye), or some combination of both. When we to single shocks, after RRP depletion). The relatively
uniform behavior of the three groups suggests that theyresumed tetanic stimulation, we observed a pronounced
initial lag in the destaining that lasted about 10 s (vertical reflect depletion of the same pool, indicating the vesicles
are relatively homogeneous within this pool. This resultline). The nearly flat fluorescence trace suggests that
recycling vesicles, not reserve pool vesicles, had repop- led us to explore the effect of longer tetani, during which
vesicles from both the readily releasable and reserveulated the RRP. This result is similar to that observed
with cultured hippocampal neurons (Pyle et al., 2000). pools contribute to release.
We obtained a similar result if the initial unloading
(“Buzz”) was performed with 5 Hz stimulation for 2 min Characteristics of the Reserve Pool
Previous work (Richards et al., 2000) suggested that(Figure 2, open circles). The nearly identical result was
somewhat unexpected, since far more transmitter was vesicles recycle slowly after prolonged tetanic stimula-
tion. We wondered whether transmitter release wouldreleased during the low-frequency stimulation, but the
readily releasable pool still became repopulated with be similarly affected. Thus, we repeated the experiments
described above with conditioning and test tetani lastingrecycled vesicles (see also Figure 8). The Control trace
is differentiated in the bottom panel. The rather pro- 60 s (Figure 4). As before, summed EPPs provided a
measure of cumulative transmitter release. Figure 4Anounced change (reduction) in the rate of destaining at
about 10 s suggests that release from the RRP is faster shows EPP amplitudes during 30 Hz stimulation. The
upper trace is the control, and the lower was obtainedthan release from the reserve pool (see also Figure 5).
These results show that the first 10 s of release during after a 2 min rest. The inset shows the first 1.6 s on an
expanded time scale. An inflection in the EEP amplitudehigh-frequency stimulation deplete the RRP. We next
sought to measure the time course of refilling of this curve is clearly seen after approximately 0.5 s; this sug-
gests the presence of an “immediately releasable pool”pool (Figure 3). FM labeling was not sufficiently sensitive
to track these changes, so we measured EPP ampli- like one at the calyx of Held synapse (Trommersha¨user
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Figure 3. Recovery of EPPs after a Short
Tetanus
(A) EPP amplitudes during paired 10 s tetani;
the second tetanus started either 5 or 90 s
after the end of the first tetanus. EPP ampli-
tudes during the first tetanus were larger. The
first and last EPPs of each tetanus are shown
to the right.
(B) Time course of recovery of transmitter re-
lease (summed amplitudes of all EPPs in the
tetanus) using conditioning tetani of 3, 5, or
10 s duration (filled circles, open circles, and
triangles, respectively).
(C) Data from (B) normalized individually and
fitted with a single exponential. The time con-
stant (19.4 s) is consistent with a full recycling
time of about 1 min (3 time constants).
et al., 2003). In the inset, EPP amplitudes 2 min after that the double fit is correct and the single fit is not
(Swartz et al., 1992). Second, the single fit residualsstimulation (filled circles) are slightly lower than control,
which probably reflects altered [Ca2]i, which remains varied in a nonrandom way (negative-positive-negative),
which is typical of a single exponential fit to a true doubleelevated for several minutes after a tetanus (Wu and
Betz, 1996). Figure 4B shows the same data as in Figure exponential (bottom curve). In addition, inspection of
Figure 5C shows that a perfect fit (zero residuals) would4A, plotted as the cumulative sum of EPP amplitudes
(the last point in each curve gives a measure of total not be very different than the two-pool model. Thus, for
example, while the fit would be improved by using atransmitter release during the tetanus). Figures 4C–4E
show results with different lengths of rest periods be- three-pool model (such as adding an immediately re-
leasable pool comprising docked and primed vesiclestween the tetani. Results from these and other experi-
ments are summarized in Figure 4F (n  7 for each pair [Delgado et al., 2000] and perhaps suggested by the
inset in Figure 4A), we cannot reliably confirm the pres-of data points). It is clear that the recovery of sustained
transmitter secretion was slow, with a half-time of about ence of such a small pool with our optical techniques.
We next fit summed EPP curves obtained at different10 min (compare to the 1 min full recovery time for
the readily releasable pool in Figure 3). times after the conditioning tetanus, which like those
described above for a conditioning tetanus were fitWe performed additional curve-fitting analyses on the
summed EPP curves and determined that the curves much better with a two-pool model. The best fits gave
evidence of mobilization of transmitter from two poolsare best described by a double exponential process that
describes two vesicle pools (Figure 5A; asynchronous during 30 Hz stimulation: the smaller pool (about 15%
of the total) was depleted with a time constant of aboutrelease, which contributes negligibly to total release
[Becherer et al., 2001] is ignored here). We examined the 4 s, while the larger (85%) had a depletion time con-
stant of about 40 s. We charted these four parametersquality of fits to single and double rising exponentials. A
typical result using the averaged control summed EPPs during recovery after a priming tetanus, as shown in
Figure 5D. Only one of the four components—the sizeis shown in Figure 5B. While the observed data (solid
line) seems well fit by the one-pool model (dashed line), of the larger pool—showed a large, monotonic change
during recovery. This of course is consistent with thethe two-pool model fits the observed data almost per-
fectly and cannot be distinguished from it in Figure 5B. refilling of a reserve pool of vesicles and the half-time
of recovery—about 10 min—is generally consistent withThe distinction is clearer in Figure 5C, which plots the
difference between the observed and fitted data (residu- fluorescence (FM dye loading and unloading) and elec-
tron microscopic data (Richards et al., 2000). In additionals). The residuals from the one-pool model fit are of
course larger than those from the two-pool model. Two to the sequential model shown in Figure 5A, we tested
a parallel model (in which both pools undergo exocytosisfurther observations suggest that the difference is signif-
icant. First, the F statistic for the single exponential fit independently), with similar results, namely that the re-
covery after a tetanus reflects refilling of the reserveto the data in Figure 5B is 147; for the double exponential
the F statistic is 1.5, making it highly likely (p  0.001) pool. Figure 1D (Delayed load) and Figure 2B of course
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Figure 4. Recovery of EPPs after a Long Tetanus
(A) EPP amplitudes during paired 60 s tetani; the second tetanus started 2 min after the end of the first tetanus. EPPs during the second
tetanus ran down much faster. Inset: the first 1.6 s on an expanded time scale shows an additional component of release that comprises less
than one percent of the total release.
(B–E) EPPs were summed and are plotted for intertetanus intervals of 2 min (B), 5 min (C), 10 min (D), and 20 min (E). The last point in each
curve provides a measure of total release during the tetanus.
(F) Pooled data showing transmitter release from the first and second trains at varying intervals. The half time of recovery was about 10 min.
Note that at the shortest period some recovery had occurred, perhaps reflecting recovery of the RRP (see text).
suggest that release from the two pools is largely se- a terminal fixed immediately after the end of stimulation;
dye was especially prominent in c-shaped cisternaequential, not parallel. The model assumes no recycling
of RRP vesicles during the 1 min tetanus, consistent with (Figure 6A, arrowheads). In terminals fixed 5 min after
stimulation, cisternae were less abundant and reactionearlier observations (Betz and Bewick, 1993) showing a
minimum recycle time of about 1 min. product was evident in vesicles. By 15 min after stimula-
tion (Figure 6B), cisternae had virtually disappeared,Finally, as shown in Figure 5E, we used the data from
this model to predict the loss of fluorescence from a and all reaction product was in vesicles. On average,
31.3%  4.0% (n  16 terminals) of the vesicles con-terminal loaded with FM1-43. In this case, there are no
unconstrained variables; the electrophysiological data tained reaction product (more recent work [S.O.R. and
W.J.B., unpublished observations] has given somewhatare entirely independent of the optical data. The good
fit between the two measures of release provides further higher levels [40%–45%]). In other experiments (results
not shown), we loaded preparations with dye by stimu-support for the model.
lating at 30 Hz for 5 min, rather than 1 min; 85.0% 
2.3% (n  23 terminals) of vesicles contained reactionMorphological Characterization
product under these conditions, showing that nearly allof the Reserve Pool
synaptic vesicles are capable of release in frog motorIn previous work, we used photoconversion of FM1-
nerve terminals. This is consistent with light microscopic43 and FM2-10 to identify membrane infoldings and
observations: dye loading with a tetanus lasting 5 mincisternae as posttetanic sites of recycling membrane
produces maximally bright terminals (longer tetani and/destined to form reserve pool vesicles (Richards et al.,
or higher stimulus frequency do not increase dye uptake2000). In the present work, we followed the temporal
further, which are about twice as bright as terminalsprogression of the cisternae-to-vesicle conversion (Fig-
loaded with a 1 min tetanus; Betz et al., 1992). Photocon-ure 6), essentially repeating the experiments of Heuser
version time course results are summarized in Figure 6C.and Reese (1973). We used photoconverted FM1-43
Over a period of about 15 min after tetanic stimulation,rather than HRP as an electron-dense marker. All obser-
cisternae gradually disappeared and the number of la-vations were made on cross-sections of nerve terminals.
beled vesicles increased. These results agree well withPreparations were stained with FM1-43 (30 Hz stimula-
those obtained using HRP as a marker of recycling vesi-tion for 1 min in 4 M FM1-43 in NFR), washed in NFR
cles (Heuser and Reese, 1973).containing dye for an additional 5 or 15 min, and then
washed with dye-free NFR and fixed. Figure 6A shows We also measured the spatial distribution of cisternae
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Figure 5. Quantitative Comparison of Electrophysiological and Optical Measurements of RRP and Reserve Pool Sizes and Rates of Depletion
and Refilling
(A) Transmitter release measurements from Figure 4 were fit with one- and two-pool models.
(B) Observed summed EPP amplitudes and fit to a two-pool model virtually superimpose (solid line). The dashed line is the best fit to a one-
pool model.
(C) Residuals (difference between observed and expected) are plotted for one- and two-pool models. The two-pool model provides a significantly
better fit (F statistic p  0.001).
(D) Fitting parameters (two-pool model) are plotted against recovery time. The time course of the RRP size and  remain relatively unchanged
over time, as does the reserve pool . The reserve pool size increases steadily over time, however, indicating that the resupply of vesicles
into the reserve pool is the main limiting factor in recovery of sustained transmitter release.
(E) Comparison between observed fluorescence data (destaining of FM1-43 at 30 Hz) and the fit to the EPP data. These two independent
measures (no constrained variables) superimpose well.
and vesicles along the length of nerve terminals. Typical Effects of Stimulus Frequency
on Vesicle Mobilizationlongitudinal sections from a preparation stimulated for
1 min at 30 Hz, and then rested for 2 min before fixation, The experiments described above primarily involved 30
Hz stimulation, which maximally mobilizes vesicles inare shown in Figure 7A. By visual inspection, it was
clear that cisternae (arrows) were scattered all along the the reserve pool. We wondered if lower rates of stimula-
tion would have a different effect, particularly in light oflength of the terminal, while vesicles (arrowheads) were
localized near active zones (identified by their location the results from Figure 2B, which suggest the RRP can
be depleted either by a short (10 s) high-frequency (30opposite the openings of postsynaptic membrane folds).
To quantify the distributions, we measured the autocor- Hz) train or by lower-frequency (5 Hz) stimulation for a
longer period (2 min). First, we examined destainingrelation function of vesicles and cisternae. As shown in
Figure 7B, vesicles were distributed at 1 m spacing rates of terminals loaded at different frequencies (Fig-
ures 8A and 8B). Nerve terminals were loaded by low-(in agreement with the observed separation between
active zones), while cisternae were spread more ran- frequency (5 Hz) or high-frequency (30 Hz) stimulation
(Figure 8A), always using the same number of shocksdomly along the terminal.
The scattered ultrastructural distribution of cisternae (1800) for loading. Destaining was performed in two
steps: first at 5 Hz, and then at 30 Hz. As expected (fromwas reflected in the pattern of FM dye uptake in living
preparations examined with fluorescence microscopy Figure 2B), terminals loaded at 30 Hz destained relatively
slowly, while terminals loaded at 5 Hz destained rela-(Figure 7C). The crisp fluorescent spots that mark synap-
tic vesicle clusters were not immediately evident after tively rapidly. Figure 8B shows results from terminals
loaded at 2, 5, or 30 Hz (1800 shocks each), then imageddye loading with tetanic stimulation. Rather, the initial
staining pattern was more diffuse. We quantified the during continuous stimulation at 30 Hz. Terminals loaded
at lower stimulus frequencies (which were also dimmer“spottiness” of terminals (see Experimental Procedures);
Figure 7D shows that it increased progressively for at the outset than terminals loaded at high frequencies;
see below) lost dye more rapidly during stimulation than10–15 min after dye loading, consistent with the disap-
pearance of randomly dispersed cisternae and simulta- those loaded at 30 Hz.
Finally, we measured the effects of stimulus frequencyneous appearance of clustered vesicles.
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on both FM dye uptake and EPP amplitudes (Figures
8C–8F). As before, the number of shocks was kept con-
stant at 1800. Figure 8C shows that the amount of FM
dye taken up increased with stimulus frequency; termi-
nals loaded with 1800 stimuli given at 30 Hz were about
4 times brighter than terminals loaded with the same
number of shocks at 2 Hz. Figure 8D shows EPP ampli-
tudes during stimulation, and Figure 8E shows that their
summed amplitudes were greater with low-frequency,
not high-frequency, stimulation (the low frequencies
[2, 5 Hz] released about 4 times more transmitter than
the same number of stimuli given at 30 Hz). These strik-
ingly opposite effects of stimulus frequency on dye up-
take and transmitter release are summarized in Figure
8F. With increasing frequency, total transmitter release
decreased about 4-fold, while total dye uptake in-
creased about 4-fold. These results suggest that at low
stimulus frequencies, transmitter release comes almost
entirely from repeated recycling of vesicles in the readily
releasable pool, and that few vesicles are mobilized from
the reserve pool. We can estimate the number of times
the readily releasable pool recycled during continuous
stimulation at 2 Hz for 15 min. Assume that the reserve
pool available during 1 min tetanus is 3–4 times larger
than the RRP (Figure 1; Richards et al., 2000), and that
at 30 Hz both pools are released once, for a total of
4 RRP equivalents. This gave 2 V of summed EPPs
(Figure 8E). At 2 Hz, where little or no mobilization from
the reserve pool took place,8 V of summed EPPs were
recorded, or 16 RRP equivalents. Thus, the RRP vesicles
evidently recycled 15 times during the 15 min period
of 2 Hz stimulation. This value is in agreement with the
results from Figure 3 where the time constant of recovery
is 19.4 s. Thus, about 1 min (3 time constants) would
be required for full recovery, in good agreement with
the estimated turnover time of the RRP during continu-
ous 2 Hz stimulation. These calculations are only rough
estimates, and the results are not strictly comparable,
because the stimulus frequencies (2 and 30 Hz) were
very different. Nevertheless, the reasonable accord is
generally consistent with the idea that recovery from
synaptic depression reflects vesicle recycling, not mobi-
lization of synaptic vesicles.
Discussion
Figure 6. Ultrastructural Regeneration of Synaptic Vesicles after In earlier work (Richards et al., 2000), we used the differ-
Tetanic Stimulation
ential staining properties of FM1-43 and FM2-10 to iden-
Nerve-muscle preparations were stimulated in the presence of FM1-
tify two vesicle recycling pathways that selectively refill43 (30 Hz for 1 min), washed, and then rested for 0, 5, or 15 min
two functionally distinct vesicle pools. In the presentbefore fixation and photoconversion with diaminobenzidine (DAB).
work we have used three techniques (electrophysiology(A) Nerve terminal fixed immediately after stimulation. Arrowheads
point to labeled C-shaped cisternae and surface infoldings con- and optical and electron microscopy) to quantify several
taining reaction product. Relatively few vesicles contain label. One characteristics of those pools (Table 1). A simple sum-
cisterna (arrow) contains no evident reaction product. mary of this work is that vesicles in the reserve pool of
(B) Nerve terminal rested for 15 min after stimulation before fixation.
frog motor nerve terminals are mobilized and undergoCisternae have almost disappeared, and about 40% of synaptic
exocytosis only under conditions of high-frequencyvesicles contain photoconversion reaction product. Scale bar
stimulation that lasts longer than 10–15 s. Under condi-equals 0.5 m.
(C) Similar time courses of appearance of labeled vesicles (filled tions of continuous low-frequency stimulation, transmit-
circles) and disappearance of cisternae (open circles). Results at 0, ter output is maintained by recycling of vesicles in the
5, and 15 min are from 21, 16, and 16 terminals, respectively, from readily releasable pool. Similarly, recovery from synaptic
nine muscles.
depression is mediated not by mobilization of vesicles
from a reserve pool but by recycling of vesicles released
by the conditioning stimulation (cf. Pyle et al., 2000).
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Figure 7. Spatial Distribution of Cisternae
and Vesicles along the Length of Nerve Ter-
minals
(A) Two examples of longitudinal sections
from nerve terminals fixed 2 min after the end
of tetanic stimulation (30 Hz for 1 min). Vesicle
clusters (arrowheads) are spaced uniformly,
while cisternae and infoldings (arrows) are
scattered. Scale bar (in C) equals 0.3 m.
(B) Autocorrelation analysis (14 terminals) in-
dicates that vesicles (left) cluster at regularly
spaced locations (active zones), whereas cis-
ternae (right) are randomly distributed.
(C) Raw and deconvolved fluoresence images
showing diffuse FM staining shortly (2 min)
after dye loading, and crisp spots later (15 min
after dye loading). Scale bar equals 0.5 m.
(D) The average (solid line) time course of dye
condensation into discrete spots is shown
for 9 experiments (open symbols, measured
from autocorrelations of deconvolved images
as described in Experimental Procedures); the
half-time was about 8 min. The line marked
“wash” shows the time course of extracellular
dye washout from the preparation after stim-
ulation.
As summarized in Table 1, both optical (FM dye) and We have also used multiple techniques to measure
depletion and refilling rates of the pools. The time con-electrophysiological (EPP recordings) results show that
the reserve pool is about three to four times larger than stants of depletion of the RRP and reserve pool during
tetanic stimulation are about 5 s (RRP; see Figure 2Athe RRP, as measured by a 1 min tetanus at 30 Hz. At the
EM level, FM photoconversion has shown that nearly [FM data] and Figure 5D [EPP data]) and 35 s (reserve
pool; see Figures 5D and 5E for FM and EPP data). Theall vesicles contain reaction product after intense stimu-
lation (30 Hz for 5 min) and that the usual 1 min tetanus pools appear to empty sequentially, since a clear lag
period of destaining is observed under conditions in(30 Hz) labels about one-half of the vesicles, as expected
from optical measurements on live terminals. However, which only the reserve pool is stained (Figure 2; see
also Richards et al., 2000). This sequential release couldwe have not yet quantified the labeling of vesicles in
terminals loaded with a paradigm designed to label se- reflect simply the 7-fold faster emptying rate of the RRP,
although queuing (e.g., reserve pool vesicles remaininglectively the RRP (e.g., 10–15 s at 30 Hz). Such an experi-
ment will also provide important information about the at the back of the RRP when they enter it), consistent
with fluorescence recovery after photobleaching (FRAP)spatial localization of vesicles in the two pools. Prelimi-
nary data (Richards et al., 2000; S.O.R. and W.J.B., un- experiments (Henkel et al., 1996b), cannot be entirely
excluded.published observations) suggest that RRP vesicles are
not located exclusively at the presynaptic membrane (cf. How quickly are the vesicle pools refilled after tetanic
stimulation? Our FM and EPP results show that the RRPSchikorski and Stevens, 2001), and that not all docked
vesicles belong to the RRP. is refilled in less than 2 min. Additionally, after short (3–10
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Figure 8. Effects of Stimulus Frequency on Mobilization from the Reserve Pool
(A and B) Terminals loaded with FM1-43 with low-frequency (5 Hz) stimulation destain much faster than terminals loaded with 30 Hz stimulation.
Each line is the average of five experiments. Curves are normalized individually to initial values to facilitate time course comparisons. SEMs,
which did not exceed 7%, are not shown for clarity.
(C–F) Increasing stimulus frequency has opposite effects on dye uptake and transmitter release. Nerves were given 1800 shocks at frequencies
of 2, 5, or 30 Hz.
(C) FM1-43 uptake increased with increasing stimulation frequency (n  5 preparations,  SEM). Terminals stimulated at 30 Hz were about
4 times brighter than those stimulated at 2 Hz.
(D) Mean EPP amplitudes plotted against stimulus number, evoked by 2, 5, and 30 Hz stimulation (n  9 for each; SEMs not shown for clarity).
Typical first and last EPPs are shown on the right.
(E) EPP amplitudes (D) were summed to show cumulative transmitter release during stimulation. Stimulation at 30 Hz released only about
one-fourth as much transmitter as stimulation at 2 or 5 Hz.
(F) Summed EPP (open circles) and fluorescence (filled circles) data are plotted together against stimulus frequency to illustrate the opposite
responses to increasing frequency. This suggests that transmitter output during low-frequency stimulation is maintained by vesicle recycling
from the readily releasable pool. At 2 Hz, the readily releasable pool recycled about once per minute (see Results).
s) tetani (Figure 3), EPPs recover with a time constant of ing: Richards et al. (2000) showed that FM2-10 internal-
ization after a tetanus has a half-time of about 8 min,about 20 s. If this recovery reflects recycling of vesicles,
then full recovery should occur within three time con- and that the ability to release dye taken up during a
tetanus develops with a half time of about 12 min. Instants (60 s). The mechanism of this relatively rapid
internalization and refilling of the RRP seems to involve the present work we showed additionally that following
a tetanus, the following also have half-times of 5–10direct capture from the surface membrane, since FM1-
43 and FM2-10 behave almost identically in labeling this min: (1) the ultrastructural regeneration of synaptic vesi-
cles, (2) the recovery of transmitter release as measuredpool (Figure 2A). The reserve pool, on the other hand,
refills slowly, with a half time of 5–10 min. Five indepen- by EPP amplitudes during a tetanus, and (3) the emer-
gence of crisp fluorescent spots with optical micros-dent measurements have now confirmed this slow refill-
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Table 1. Characteristics of Synaptic Vesicle Pools in Frog Motor Nerve Terminals
RRP Reserve Pool
Size (% of total vesicle 20% 80%
population released by
1 min tetanus at 30 Hz)
Depletion time constant 5 s 35 s
(during stimulation at 30 Hz)
Refill time after 30 Hz tetanus
1 min 15 min
Refill mechanism after tetanus From recycling vesicles From recycling (budding from
(not from reserve pool) infoldings and cisternae)
Low-frequency stimulation Refills by recycling Not mobilized
copy. Thus, results from optical, EM, and electrophysio- while the RRP vesicles lie in the periphery (Kuromi and
Kidokoro, 1998); in the frog, while some signs of morpho-logical observations are in good agreement.
The morphological mechanisms of refilling of the logical segregation exist (Richards et al., 2000), they are
less distinct. In Drosophila, the size of the RRP has beenpools are distinctly different. The reserve pool refills via
vesicles that bud from infoldings and cisternae, which given as approximately equal to the reserve pool (Kuromi
and Kidokoro, 1998, 2000) and as only about one-sixthare scattered randomly along the length of the terminal.
The nascent vesicles are eventually drawn into distinct, as large (Delgado et al., 2000). Similarities between the
frog and fly synapses include the time constants ofregularly spaced vesicle clusters. Signs of this transition
are evident in live terminals labeled with FM dyes, as depletion of the pools during tetanic stimulation (5 s
[RRP] and 50 s [reserve pool]), slow refilling of thean initially diffuse staining pattern coalesces into crisp
fluorescent spots marking vesicle clusters. The refilling reserve pool from surface membrane infoldings, and
selective mobilization of the RRP by low-frequency stim-of the RRP is different (Figure 2B). After a brief tetanus
to deplete the pool, it refills preferentially with recycling ulation.
In cultured hippocampal neurons, similar though notvesicles, not with vesicles from the reserve pool. This
suggests that recovery from synaptic depression de- identical results have been observed. Pyle et al. (2000)
found that, following brief stimulation, recovery of syn-pends upon recycling, rather than mobilization from the
reserve pool. aptic currents was faster than recovery of FM dye re-
lease, suggesting that recovery from synaptic depres-Stimulation at lower, more physiological stimulus fre-
quencies revealed further properties of the pools, espe- sion depends more on recycling of vesicles than on
mobilization from a reserve vesicle pool. This conclusioncially the nature of vesicle mobilization from the reserve
pool (Figure 8). Low-frequency stimulation produced was extended by Sara et al. (2002), who demonstrated
that during high-frequency tetanic stimulation (30 Hz),more transmitter release (for a given number of stimuli),
but less FM dye uptake, than high-frequency stimula- transmitter output was maintained by vesicle recycling;
interestingly, this was less the case with lower-frequencytion. The simplest explanation of this result is that at
low frequency, vesicles in the reserve pool are not mobi- stimulation (10 Hz), where vesicle reuse was minimal for
many seconds. We found the opposite to be true atlized at all, and all release comes from the RRP, which
recycles about once a minute. frog motor nerve terminals: at low stimulus frequencies,
vesicle recycling from a small pool accounts for mostStudies of endocytosis in larval Drosophila motor
nerve terminals (Ramaswami et al., 1994) have revealed of the release, and significant vesicle mobilization from
the reserve pool comes into play only as the frequencytwo endocytic routes (Koenig and Ikeda, 1996) and pools
of vesicles (Kuromi and Kidokoro, 1998, 1999; Koenig of stimulation increases. At the highest stimulation rate
that we used, 30 Hz, no contribution of recycling vesiclesand Ikeda, 1999). While identified using a different tech-
nique (block of endocytosis in Shibire mutants), these was observed. Other features of the hippocampal prepa-
ration are also entirely different at frog motor nerve ter-pools bear some similarities to those we have described
in frog using differential staining with two FM dyes, al- minals. For example, a slow endocytic route via mem-
brane infoldings and cisternae, so evident in motor nervethough the physiological significance of the reserve pool
in Drosophila is somewhat unclear, since it seems to be terminals, has not been clearly demonstrated in central
nervous system synapses. Studies with FM dye uptakemobilized best when endocytosis is blocked. In the frog,
the reserve pool clearly plays an important role in the reveal a single endocytotic pathway that progressively
saturates and slows with increasing stimulation (Sankar-ability of the nerve terminal to sustain high-frequency
release. Other differences in the two preparations also anarayanan and Ryan, 2000). Additionally, in hippocam-
pal neurons repetitive stimulation causes the moreexist. Thus, in Drosophila, the readily releasable pool
required 10–15 min to refill, while in the frog it filled rapidly dissociating FM2-10 to be released faster than
FM1-43 (Klingauf et al., 1998; Pyle et al., 2000), sug-completely in less than 2 min. Additionally, Cytochalasin
D disrupted reserve pool filling in Drosophila but had gesting that the interval between exo- and endocytosis
is brief and that dye cannot diffuse laterally from thelittle effect on dye uptake or release in frog (Betz and
Henkel, 1994). Finally, in Drosophila the two pools can vesicle membrane. (In extreme conditions of stimulation
with hypertonic solutions, signs of “kiss and run” exo-be readily distinguished in living preparations, since the
reserve pool occupies the center of synaptic boutons, cytosis are evident [Stevens and Williams, 2000].) In frog
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terminals, the same result is obtained, but only if FM2- mulation of exocytosed membrane at active zones slows
10 is washed from the terminals immediately after dye endocytosis, which could provide a mechanism that
loading. If dye is left on the preparation for 5–15 min switches recovery from the readily releasable to the
after loading stimulation, then subsequent destaining reserve pathway in frog motor nerve terminals.
rates are the same for the two dyes. The difference was Our results suggest a model in which vesicles in the
ascribed to the ability of FM2-10, but not FM1-43, to readily releasable pool recycle selectively to that pool,
be rinsed from membranous infoldings that form after while reserve pool vesicles follow a much slower path
tetanic stimulation and that slowly generate vesicles back to the reserve pool. Such selectivity could arise in
that fill a reserve pool (Richards et al., 2000). In the any of several different ways. For example, vesicles may
hippocampal preparation, whether dye is washed off possess different markers, currently unknown, that ren-
immediately after stimulation (Klingauf et al., 1998) or der them more or less competent for mobilization toward
left on for 30 s (Pyle et al., 2000) made no difference. or docking with the plasma membrane. Endocytic recov-
Another difference between hippocampal and frog neu- ery of such markers would then target the nascent vesi-
rons concerns the rate of mixing between the readily cle, whatever its additional composition, to the appro-
releasable pool and the reserve pool. Murthy and Ste- priate pool.
vens (1999) measured a forward mixing (reserve pool to
Experimental ProceduresRRP) time constant of about 2.5 min, while in the present
work (Figure 2) we observed little if any sign of forward
Most methods were modifications of those described previouslymixing, consistent with the slow rate (10% per hour) of
(Betz and Bewick, 1993; Wu and Betz, 1996, 1998; Richards et al.,back mixing reported earlier (Richards et al., 2000). The 2000). Briefly, frog (Rana pipiens) cutaneous pectoris nerve muscle
dissimilarities between our results and those obtained preparations were dissected and mounted in a sylgard-lined cham-
in hippocampal synapses are not likely to reflect simple ber containing frog ringer solution (115 mM NaCl, 2 mM KCl, 1.8
mM CaCl2, 2.4 mM NaHCO3). FM1-43 was used at 3.2 M, FM2-10differences in the methodologies, since similar proto-
at 24 M. When stimulation and imaging took place simultaneously,cols have been employed in both preparations with con-
curare (10 M) was added to the chamber to prevent muscle con-sistently different results (for example, stimulation of
traction. In these experiments images were acquired every 1.4 s.hippocampal boutons with 90 mM K for 10 min results
The nerve was stimulated with a suction electrode; the tetanic
in minimal changes in vesicle number (Sara et al., 2002), stimulation frequency was 30 Hz in all experiments. Fluorescence
while in the frog similar stimulation results in massive images were acquired using a Nikon Optiphot 2 upright epifluores-
vesicle depletion, even when shorter treatments (5 min) cence microscope equipped with a 63, 0.9 NA, water immersion
objective (Zeiss). Excitation light came from a 100 W Hg lamp,are applied (Gennaro et al., 1978). These results proba-
through 5%–50% neutral density transmission filters, excitation fil-bly reflect real physiological differences between the
ters (435/10 nm or 480/30 nm), dichroic mirror (505 or 565 nm), andtwo systems, which may be due to the fact that hippo-
emission filters (500/10 nm or 650/10 nm). Images were acquired
campal terminals are dramatically smaller in size and with a Photometrics (Tucson, AZ) SenSys 0400 camera (0.5–2 s
vesicle number than their neuromuscular junction coun- exposure) connected to a computer running V for Windows imaging
terparts, which may place different constraints on vesi- software (Digital Optics, Auckland, New Zealand). Image analysis
was performed using software from G.W. Hannaway (Boulder, CO).cle cycling (see, for example, the review by Harata et
In some experiments (Figure 7) we used digital deconvolution toal., 2001b).
sharpen images. In those cases we acquired five images at 0.3 mIn the calyx of Held, extensive electrophysiological
intervals in the z axis. Images were deconvolved on a Silicon Graph-measurements have produced a detailed model of re-
ics O2 computer with Deltavision software (Applied Precision, Inc.,
lease from a heterogeneous pool that probably is most Seattle, WA), using an empirically derived point spread function.
closely related to the RRP in frog motor nerve terminals For intracellular recording we used sharp microelectrodes (20–40
(Sakaba et al., 2002; Schneggenburger et al., 2002; M pulled with a box filament on a Flaming-Brown micropipette
puller [Sutter, Novato, CA]). Muscle fibers had an input resistanceTrommersha¨user et al., 2003), since it represents a small
of 1–2 M and resting membrane potentials more negative than	70fraction of the total transmitter pool and becomes de-
mV. EPPs were recorded with a concentration of curare sufficientpleted and replenished in a few seconds or less. This
to prevent muscle fiber contraction (10M). Signals were amplifiedheterogeneous vesicle population has been divided into
with an Axoclamp-2A (axon instruments) and digitized using a MIO-
readily releasable and reluctantly releasable pools, both 16E interface (National Instruments). Recording and analysis soft-
of which can be depleted within seconds with high- ware was either custom written, running in the LabView environment
frequency stimulation. Interestingly, reluctantly releas- (National Instruments; Austin, TX), or WCP for windows (Dr. John
Dempster, University of Strathclyde, UK).able vesicles recover faster than RRP vesicles (which
is opposite to frog motor nerve terminals); this is possi-
Quantification of “Spottiness”bly due to a selective mobilization of reserve vesicles
Frog motor nerve terminals stained with FM1-43 show a characteris-into the reluctantly releasable pool and not into the RRP
tic punctate pattern, like beads on a string, with each fluorescent
(Trommersha¨user et al., 2003). Another difference be- bead marking a cluster of several hundred synaptic vesicles (Betz
tween pools at the frog neuromuscular junction and at and Bewick, 1992; Cochilla et al., 1999). The crisp spots do not
the calyx of Held is that the sequential model predicted appear immediately after dye uptake; instead, they gradually coa-
by our data does not seem to be relevant in this system lesced from an initially more diffuse staining pattern (Figure 7C). We
quantified this process as follows. The nerve to a frog cutaneus(Trommersha¨user et al., 2003). A capacitance study of
pectoris muscle was stimulated for 1 min at 30 Hz in the presenceendocytosis in the same preparation (Sun et al., 2002)
of FM1-43; then the extracellular dye was washed away and imagesrevealed activity-dependent slowing of endocytosis that
were acquired for the next 15–20 min. At each time point, five images
bears similarities to motor nerve terminals. For example, (0.3 m z axis spacing) were acquired. Analysis (on both raw and
Sun et al. (2002) observed no significant effect on endo- deconvolved images) was as follows: the best-focus image in each
cytic kinetics at low frequencies, but a progressive slow- stack was selected by eye; the resulting images were aligned. Using
the last image, we drew a line by eye through the center of theing at very high frequencies. They proposed that accu-
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